Hepatitis B antibody persistence was assessed in individuals who had previously received a vaccine booster. We measured hepatitis B surface antigen antibody (anti-HBs) levels 7 to 9 years post-hepatitis B booster in individuals with primary vaccination at birth. While 95 (91.3%) of 104 participants had detectable anti-HBs (minimum, 0.1 mIU/ml; maximum, 1,029 mIU/ml), only 43 (41%) had protective levels of >10 mIU/ml. Pre-and week 4 postbooster anti-HBs levels were significant predictors of hepatitis B immunity at follow-up (P < 0.001). Almost all participants had detectable anti-HBs 7 to 9 years after the hepatitis B vaccine booster, but less than half had levels >10 mIU/ml. R outine infant hepatitis B vaccination has substantially reduced the incidence of acute hepatitis B virus (HBV) infection and the prevalence of chronic infection (1, 2). However, the duration of protection following infant vaccination is unknown (3, 4). In studies from a variety of settings conducted up to 22 years after a primary vaccine series, 23% to 66% of vaccinated infants had low or undetectable concentrations of hepatitis B virus surface antibody (anti-HBs), the serologic marker of immunologic protection (5-7). Although antibody levels in many participants were below the level considered protective, most individuals likely remained immune, as shown by the infrequent serologic evidence of hepatitis B virus infection. Furthermore, individuals with evidence of breakthrough infection (the presence of antibody to hepatitis B virus core antigen [anti-HBc]) did not develop acute symptomatic or chronic HBV infection if they responded to the primary vaccine series (5).
R
outine infant hepatitis B vaccination has substantially reduced the incidence of acute hepatitis B virus (HBV) infection and the prevalence of chronic infection (1, 2) . However, the duration of protection following infant vaccination is unknown (3, 4) . In studies from a variety of settings conducted up to 22 years after a primary vaccine series, 23% to 66% of vaccinated infants had low or undetectable concentrations of hepatitis B virus surface antibody (anti-HBs), the serologic marker of immunologic protection (5) (6) (7) . Although antibody levels in many participants were below the level considered protective, most individuals likely remained immune, as shown by the infrequent serologic evidence of hepatitis B virus infection. Furthermore, individuals with evidence of breakthrough infection (the presence of antibody to hepatitis B virus core antigen [anti-HBc]) did not develop acute symptomatic or chronic HBV infection if they responded to the primary vaccine series (5) .
Individuals with undetectable levels of anti-HBs may retain HBV-specific immune memory. Humoral evidence of immune memory in previously vaccinated persons is demonstrable by administering a single challenge dose of vaccine and measuring the anti-HBs response. A rapid increase in anti-HBs titers represents an anamnestic response and indicates the presence of HBV-specific immune memory (3, 4, 8) . We previously reported anti-HBs responses after administration of a booster dose of hepatitis B vaccine among children and adolescents aged 7 to 14 years who were born to HBsAg-negative women in Anchorage, Alaska, were vaccinated starting at birth, and had no HBsAg-positive persons living in their household at that time (9) . Although the majority of participants had no serologic evidence of protective immunity at baseline, the absence of symptomatic or chronic infections and the presence of anamnestic responses to a challenge dose indicated that immune memory remained intact for most participants (9) . Our aim was to determine the persistence of markers of HBV immunity in these individuals 7 to 9 years after they received a hepatitis B vaccine booster.
MATERIALS AND METHODS
Participants. All participants were part of the original "Youth Hepatitis B Protection Study" consisting of 389 children of HBsAg-negative mothers who received three doses of hepatitis B vaccine starting at birth followed by a 5-g recombinant vaccine (Recombivax) booster dose during the study (9) . From this study population, we recruited a convenience sample of three types of participants distinguished by primary vaccine type and age at booster dose as follows: adolescent booster following plasma primary vaccine (AS group); adolescent booster following recombinant primary vaccine (AR group); and child booster following recombinant primary vaccine (CR group). All participants received a birth dose (administered within the first 7 days of life) and completed the three-dose primary vaccine series at no later than 10 months of age with appropriate dosages and intervals. Anti-HBs levels were not tested following the primary vaccination series. The AS group included adults whose primary vaccine series was 3 doses of 10 g of Heptavax followed by a 5-g Recombivax booster at age 10 to 13 years. The AR group included adolescents whose initial vaccine series was 3 doses of Recombivax (any of the licensed dosages [2.5, 5, or 10 g] at that time) followed by a 5 g Recombivax booster at 10 to 13 years. The CR group included adults whose initial vaccine series was 3 doses of Recombivax (either of the licensed dosages [5 or 10 g] at that time) followed by a 5 g Recombivax booster at age 5 to 7 years. Only participants who responded to the booster dose, defined as anti-HBs at Ն10 mIU/ml at 4 to 6 weeks, were eligible. This represented 89% of the original cohort. We excluded individuals if they had evidence of immunosuppression, had ever received cancer chemotherapy, or had received corticosteroids for more than 6 months.
We obtained informed consent from each participant Ն18 years old and consent from a parent or guardian plus assent from participants who were Ͻ18 years old at the time of the blood draw. Adult participants or the parent/guardian of minor participants were notified via phone or mailing of the blood test and the aggregate study results within 12 weeks of analysis. The Alaska Area Native Health Service, Indian Health Service, and Centers for Disease Control and Prevention institutional review boards and two Alaska Native health organizations, the Southcentral Foundation and Alaska Native Tribal Health Consortium, approved this study.
Laboratory testing. The Arctic Investigations Program (AIP) laboratory quantitatively tested all the follow-up sera for anti-HBs (ETI-AB-AUK Plus kit and ABAU STD set; DiaSorin, Stillwater, MN). Anti-HBs concentrations are given in milli-international units (mIU) per milliliter (ml), and the lower limit of detection of the assay for anti-HBs was Ն0.1 mIU/ml. Data analysis. We log-transformed anti-HBs levels and calculated antibody geometric mean concentrations (GMCs). For univariable analysis, we used the 2 test, a randomization test, or a test for trend across ordered groups and used analysis of variance (ANOVA) to evaluate the proportion of persons with anti-HBs of Ն10 mIU/ml and GMCs, respectively. We used logistic regression to model the proportion of persons with anti-HBs at Ն10 mIU/ml according to age, gender, vaccine schedule, initial response to the HBV vaccine series, and peak anti-HBs level following the booster dose. All P values were determined by two-sided exact tests when necessitated by the sample size, and we used a threshold of Ͻ0.05 for statistical significance. STATA version 10 (StataCorp, College Station, TX) was used to calculate the statistics.
RESULTS
We recruited 104 (27%) of 389 participants from a previous study for this follow-up. Among the groups (see Materials and Methods for definitions), we enrolled 17 AS participants, 38 AR participants, and 49 CR participants, a group distribution similar to that used in the original study (P ϭ 0.913). The follow-up participants did not differ significantly from other responders who were not included with respect to anti-HBs level, booster time from third dose, or sex (data not shown). The average time since hepatitis B booster immunization was 8.4 years (P ϭ 0.005 for differences across groups) ( Table 1 ). The average ages at follow-up were 22.6 years (AS), 19.9 years (AR), and 14.3 years (CR). Fifty-three percent of participants were female.
At follow-up, 44 (42%) of 104 of participants had anti-HBs levels of Ն10 mIU/ml, ranging from 10.05 mIU/ml to as high as 1,029 mIU/ml ( Table 1 The proportions of persons with no detectable anti-HBs (Ͻ0.1 mIU/ml) on follow-up were 1 (6%) of 17 for AS, 2 (5%) of 38 for AR, and 6 (12%) of 49 for CR, and these proportions did not differ significantly across groups (P ϭ 0.582). The proportions of persons with anti-HBs of Ͻ10 mIU/ml but Ն0.1 mIU/ml were 47% (n ϭ 8) for AS, 53% (n ϭ 20) for AR, and 62% (n ϭ 24) for CR, and these proportions also did not differ statistically across groups (P ϭ 0.694). The presence of any detectable anti-HBs trended with higher prebooster anti-HBs levels, but this was not statistically significant (P ϭ 0.185). However, the presence of detectable antiHBs was significantly associated with higher 2-week postbooster anti-HBs levels (P ϭ 0.004).
The geometric mean concentrations (GMC) of anti-HBs at follow-up in the AS (11.0 mIU/ml), CR (5.6 mIU/ml), and AR (5.6 mIU/ml) groups were not statistically different (P ϭ 0.494). The pre-and postbooster GMCs were highest in the CR group (Fig. 1) .
Higher anti-HBs levels at previous time points were significantly associated with anti-HBs levels of Ն10 mIU/ml at 7 to 9 years postbooster (Table 2) . Antibody levels at 4 to 6 weeks postbooster accounted for the greatest variations in booster response, followed by week 2 postbooster and prebooster antibody levels. After controlling for week 4 to week 6 postbooster antibody levels, antibody levels at the other time points were found not to be statistically significant predictors of vaccine booster response.
DISCUSSION
By study design, all of our participants had responded to a booster dose of hepatitis B vaccine (anti-HBs of Ն10 mIU/ml); however, most (59%) had anti-HBs levels of Ͻ10 mIU/ml when tested an average of 8 years later. We reported similar findings from a study in Alaska health care workers (10) . All of these health care workers responded to an initial vaccination series (anti-HBs of Ն10 mIU/ ml) as adults but had anti-HBs levels that approached the prebooster level value when tested 1 year after a booster vaccine dose.
The results of our current study and those done previously suggest that the combination of giving booster doses during childhood and following anti-HBs levels is not an accurate way of monitoring long-term protection; however, additional studies are needed to confirm these findings. We previously reported a significantly lower booster response in children whose primary vaccine series was plasma derived (71%) versus recombinant (88% and 99% for child and adolescent booster groups) (9) . In this follow-up study, there were no significant differences across the three groups in anti-HBs GMC values or in the proportion with anti-HBs of Ն10 mIU/ml. This may be due to the follow-up study, which included only individuals who had previously responded to a booster dose.
The results of this study, along with those of two others performed in Alaska (10, 11) , show that a booster dose results in an immunologic response regardless of immunization age in persons responsive to a primary immunization series. These data suggest that individuals remain protected against hepatitis B virus infection because of this anamnestic response, a conclusion supported by the absence of hepatitis B virus infection in a cohort followed for 30 years after their primary immunization series (11) . We observed rapid decay of anti-HBs antibodies, and ensuring measurable levels of anti-HBs would require frequent anti-HBs testing and repeated booster doses for those with levels of Ͻ10 mIU/ml. This approach was found not to be cost-effective by the CDC, with an incremental cost per quality-adjusted life year (QALY) of over 3 million dollars, and is therefore not recommended (12).
In conclusion, over 91% of persons who received a hepatitis B vaccine in infancy and responded to a booster dose during childhood still had measurable anti-HBs levels 7 to 9 years later; however, for most, the levels were Ͻ10 mIU/ml. Additional data are needed to determine the duration of protection afforded by hepatitis B vaccination, particularly among persons in exposureprone environments (e.g., health care) who were vaccinated during infancy. In this respect, because cellular immunity likely outlasts demonstrable humoral immunity, studies examining cell-mediated immunity should be undertaken (13) . For those with baseline anti-HBs levels of Ն10 mIU/ml, an anamnestic response was defined as a 4-fold or greater rise in the anti-HBs concentration. For those with baseline anti-HBs levels of Ͻ10 mIU/ml, an anamnestic response was defined as an increase in the anti-HBs concentration to Ն10 mIU/ml.
